Abstract. Bioethanol fuel produced from biomass and bioenergy crops has been proclaimed as one of the feasible alternative to gasoline in internal combustion engines. In this study, the effect of gasoline-ethanol-methanol (GEM) ternary blend on performance characteristics of petrol engine was studied. Three different fuel blends, namely, E0 (gasoline), G75E21M4 (75% gasoline, 21% hydrous ethanol and 4% methanol) and E25 (25% anhydrous ethanol and 75% gasoline) were tested in a 1.3-l K3-VE spark-ignition engine having four cylinders, dynamic variable valve timing, and electronic fuel injection. The experimental results revealed that using G75E21M4 fuel blend increased the air-fuel ratio, engine power, torque, brake thermal efficiency, and mean effective pressure compared to E0 and E25, however, fuel consumption also increased.
Introduction
The increasing demands of petroleum fuels together with the greenhouse gas emission have stimulated the efforts on discovering new alternative fuels. The most significant alternative for replacing petroleum fuels in internal combustion engines are biofuels (biodiesel and bioethanol). Many researches have investigated the effect of ethanol and gasoline blends in petrol engines. Most of the researchers noticed, when ethanol blended gasoline was used, increase in engine brake power, engine torque, brake thermal efficiency, mean effective pressure, and volumetric efficiency, moreover, specific fuel consumption also increased. During bioethanol fuel production from lignocellulosic biomass, while using the normal column type distillation, a maximum of 96% ethanol was obtained with 3.7% methanol and 0.3% water content from the fermented bioethanol in our previous study [1] . A high energy and cost is required to separate the methanol and water from bioethanol after distillation. This ternary (ethanol-methanol) mixture of lignocellulosic bioethanol can be used in petrol engine together with gasoline. Turner et al. [2] recommend using ethanol-methanol-gasoline ternary blend to flexi-fuel vehicles after examining the iso-stoichiometric properties of ternary blends. They also investigated the effects of ternary blends (85% ethanol-methanol content rate) on flexi-fuel vehicles. Recently, Elfasakhany [3] investigated the effect of ethanol-methanol-gasoline ternary blends in single cylinder SI engine at lower content rate of ethanol-methanol blend (3-10 Vol. %). Moreover, Sileghem et al. [4] studied the effect of ethanol-methanol-gasoline ternary blends in four cylinders SI engine with port fuel injection at high content rate of ethanol-methanol blends (60 Vol.%). The objective of this study is to investigate the effect of gasoline-ethanol-methanol (GEM) blend on the performance characteristics of K3-VE petrol engine at variable engine speed and full load condition. In this experiment, three different fuel blends, such as E0 (gasoline), G75E21M4 (75% gasoline, 21% hydrous ethanol and 4% methanol), and E25 (25% anhydrous ethanol and 75% gasoline) were tested. Hydrous ethanol contains 95% ethanol and 5% water in Vol. %. This is the first study to investigate the effect of GEM fuel blend in petrol engine with dynamic variable valve timing (DVVT), and electronic fuel injection (EFI) using the hydrous ethanol-methanol content rate of 25 Vol. %. The engine performance characteristics, such as air-fuel ratio, engine power, torque, fuel consumption, brake thermal efficiency, and mean effective pressure were investigated in this experiment.
Experiment Setup and Procedure
In this study, the experiments were performed on 1.3 litre K3-VE engine with DVVT (dynamic variable valve timing) DOHC (double overhead camshaft), EFI (electronic fuel injection), and spark ignition engine (SI). The specification of the engine is given in Table 1 . A 200 HP eddy current electric absorber (DYNOmite TM Dynamometer) was used in the experiment. The fuel flow rate using Fuel Flow Transducer (DYNOmite), air flow rate using Air Flow Meter Turbine (DYNOmite), and air-fuel ratio using Exhaust Sensor Module ((DYNOmite) with the accuracy of ±2% were detected. These sensors were pre-installed in the engine and connected with DYNO-MAX 2000 software. The torque reading was obtained through the dynamometer and the load applied on the shaft. The engine speed reading was gathered through an rpm pick-up sensor. Both readings were displayed in the console of the controller software. There were several temperature indicators in the engine to measure (i) inlet manifold temperature, (ii) fuel inlet temperature, (iii) exhaust gas temperature, (iv) inlet coolant temperature, and (v) outlet coolant temperature. PC with DYNO-MAX 2000 software was used to control quantity of fuel, ignition timing, injection timing, and engine speeds through different sensors connected to the engine. Fig. 1 and Fig. 2 show the schematic diagram and real experimental setup, respectively. The performance behaviors of K3-VE petrol engine running in the fuels E0, G75E21M4 and E25 were evaluated. The properties of fuel blends were determined according to American Society for Testing and Materials (ASTM) standards, and are reported in Table 2 . All the fuel blends were tested under variable engine speed (1000 to 6000 rpm) conditions at 80° throttle open from horizontal and full load condition. Data were recorded for each of the run (air-fuel ratio, engine power, torque, and fuel consumption against the engine speed). Temperature on each indicator (inlet manifold, fuel inlet, exhaust gas, inlet coolant and outlet coolant) was recorded; and the brake thermal efficiency and mean effective pressure were computed. 
Results and Discussion
Air-fuel ratio. The ethanol and methanol are oxygenated fuels, and for that reason, adding the ethanol and methanol blend to gasoline results in leaner operation and improved combustion [4] . As shown in Fig. 3 , the actual air-fuel ratio increased for both G75E21M4 and E25 fuel blends compared to gasoline (E0). This increasing air intake is due to greater pressure drop from the atmosphere to cylinder. The increasing actual air-fuel ratio decreases the equivalent air-fuel ratio (ϕ), and increases the relative air-fuel ratio (λ). The reduction of equivalent air-fuel ratio (ϕ) increases the engine performance parameters, such as brake power, torque, and volumetric efficiency [5] . The relative air-fuel ratio (λ) is the ratio of actual air-fuel ratio to stoichiometric air-fuel ratio of fuel. A maximum of 26% increment in the actual air-fuel ratio was noticed at 3000 rpm for G75E21M4 fuel. The actual air-fuel ratio for fuel blends G75E21M4, E25 and E0 is 12.98, 12.7 and 10.3, respectively. The stoichiometric air fuel ratio for G75E21M4, E25 and E0 is 11.6, 12.5 and 14.1, respectively (as in Table 2 ). The calculated λ values for G75E21M4 and E25 at 3000 rpm are 1.12 and 1.02, respectively. This calculated λ is greater than 1, which shows the evidence of leaner and completed combustion compared to gasoline (λ value for E0 at 3000 rpm is 0.73), which results in reduced CO and HC emissions for G75E21M4 and E25 [5] . The actual air-fuel ratio for G75E21M4 was slightly higher than that of E25 as shown in Fig. 3 , which indicates the improved and completed combustion. This is due to G75E21M4 blends containing more oxygen atoms, which provides more oxygen to combustion that leads to the ethanol-methanol lean effect [3] .
Fig. 3. Air-fuel ratio
Engine power Fig. 4 shows the effect of fuel blends G75E21M4 and E25 on engine power compared to E0. An increment in engine power was observed for G75E21M4 and E25. A maximum of 6.6% (2.2 kW) and 4.5% (1.5 kW) increment was noticed at 3000 rpm for G75E21M4 and E25, respectively. The higher heat of vaporization and low stoichiometric air-fuel ratio of ethanol and methanol blends, provides high degree of fuel-air charge cooling, which increases the density of charge, and therefore the engine power output is higher compared to gasoline [4, 6] . Moreover, adding ethanol-methanol mixture to gasoline increases the density of the fuel (as in Table 2 ), and therefore volumetric efficiency of the engine increases, thus increasing the engine power [3, 4] . In addition, the anti-knocking characteristics of alcohols allow for higher compression ratio, and therefore the higher engine power output. As compared to E25 fuel, a maximum of 2% (0.9 kW) increment in engine power was noticed for G75E21M4 fuel at higher engine speed (5500 rpm), which is due to water content in the fuel blend. The main reason for higher power output at higher speed is due to higher flame velocity of hydrous ethanol blend, together with increasing spark advance [7] .
Torque
Fig . 5 shows the effect of fuel blends G75E21M4 and E25 on engine torque compared to gasoline (E0). An improvement in engine torque was noticed for G75E21M4 and E25 compared to E0. A maximum of 4.3% (4.3 N m) and 3% (3 N m) increment was observed at 4000 rpm for
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Innovative Engineering and Technology G75E21M4 and E25, respectively. The higher octane number ( Table 2 ) of ethanol fuel blends improve the anti-knocking behavior of the fuel blends, which allow a more advanced timing, resulting in increased combustion pressure, and thus increase the engine torque [5] . As compared to E25 fuel, a maximum of 2.2% (1.9 N m) increment in engine torque was noticed at higher engine speed (5000 rpm) for G75E21M4 fuel, which is due to its higher octane number.
Fig. 4. Engine power

Fig. 5. Torque
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Fuel consumption Fig. 6 shows the connection between the engine speed and fuel consumption for the fuel blend G75E21M4 and E25 compared to E0. A slight increment in fuel consumption (FC) was observed for ethanol blended fuel (G75E21M4 and E25) compared to gasoline (E0). A maximum of 12% (1.5 kg/hr) increment was noticed for G75E21M4 at 3000 rpm, whereas 7.8% (0.97 kg/hr) increment for E25. This is due lower heating value of G75E21M4 and E25 compared to E0 (as in Table 2 ). The increment in FC for G75E21M4 was slightly high (4.2%) than that of E25, which is due to variation in air-fuel ratio and heating value of the blends. The relative air-fuel ratio (λ) for G75E21M4 and E25 is 1.12 and 1.02, respectively as discussed earlier, and the stoichiometric air-fuel ratio is 11.6 and 12.5 for G75E21M4 and E25, respectively (as in Table 2 ). This is in agreement with costa et al. [7] who reported that specific fuel consumption of hydrous ethanol (E22 with 6.8% water) increased up to 54% higher than anhydrous ethanol (E22) due to lower heating value of hydrous ethanol. They also suggested that improved fuel economy using hydrous ethanol could only be made possible with engine modification, especially in compression ratio [7] . Moreover, most of the studies reported that the FC slightly increased for the blends E25 to E30, however up to E22 blend, FC deceased. Costa et al. [8] found slight drop in specific fuel consumption for E22 fuel compared to gasoline.
Fig. 6. Fuel consumption
Brake thermal efficiency Fig. 7 shows the effect of fuel blends G75E21M4 and E25 on brake thermal efficiency of the engine compared to E0. The brake thermal efficiency increased for G75E21M4 and E25 compared to E0. A maximum increment was at 4000 rpm, which is 9% and 7% for G75E21M4 and E25, respectively. These results are comparable to the previous studies, which reported up to 20% increment in brake thermal efficiency for ethanol blended gasoline. The higher latent heat of vaporization of the ethanol fuel blends (G75E21M4 and E25) increases the cooling effect, and this reduces the compression work, moreover, the pressure and temperature decreases at the beginning of the combustion (i.e., delay period increases at which the maximum pressure is achieved). In addition, the increase in air-fuel ratio decreases the heat transfer to the cylinder (heat losses) due to incomplete combustion, and therefore increases the maximum value of pressure in the cylinder. In other words, the combustion of alcohols generates higher product volume, thus
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Innovative Engineering and Technology increasing cylinder pressure and the work done on the piston. The increased cylinder pressure increases the indicated work (increase indicated thermal efficiency), and thus increases the brake thermal efficiency [9] . As compared to E25 fuel, G75E21M4 fueled engine produced higher brake thermal efficiency (2% increment). This is due to decreased heat loss to the cylinder walls (due to shorter combustion period associated with more advanced timing) and faster velocity of hydrous ethanol blends, which are in agreement with Costa et al. [7] . Mean effective pressure Mean effective pressure (MEP) represents the useful work provided by the engine. Fig. 8 shows the effect of fuel blends on MEP of the engine, which indicates an improvement in MEP for ethanol blended fuels (G75E21M4 and E25), compared to gasoline (E0). A maximum improvement was noticed at the engine speed 4000 rpm, which is 4.2% (17.3 kPa) and 3.1% (12.8 kPa) for G75E21M4 for E25, respectively. This is due to higher relative air-fuel ratio (λ > 1). The λ increases from 1 to 1.16 for G75E21M4 and 0.98 to 1.05 for E25 as calculated from actual air-fuel ratio as shown in Fig. 3 . Hence, the cycle-by-cycle combustion variation is higher as the air-fuel ratio gets leaner. As the ethanol content increase in the fuel blends, the cycle-by-cycle variation is almost constant, and therefore the addition of ethanol does not decline combustion quality. This phenomenon is related to the benefits of oxygenation and heat of vaporization in concurrence with the differences in chemical and physical properties [10] . Therefore, a more oxygenation and higher heat of vaporization of ethanol blends increase the MEP and thus increase the engine efficiency. The lower energy value of G75E21M4 is as a result of increasing engine efficiency due to higher heat of vaporization of ethanol-methanol-mixture compared to E25 and E0.
Conclusion
The effect of GEM ternary blend on the performance characteristics of petrol engine was studied. The study demonstrates that use of G75E21M4 mixture increased the engine power, torque, brake thermal efficiency, and mean effective pressure by about 4.5%, 4.3%, 9% and 4.2% compared to E0, respectively. In addition, fuel consumption and air-fuel ratio also increased by about 12% and 25%, respectively. Moreover, the performance results for G75E21M4 were marginally better compared to E25.
